Accuracy is the key issue in the precision forging. Geometric and dimension errors are the two significant defects found in most of near net or net shape manufacturing process. It becomes more critical for complex part such as an AUV propeller blade. In this study, geometric error was quantified by comparing the blade profile obtained from nominal geometry of the blade and the profile constructed by commercial optical method namely Alicona system.
Introduction
Components error can be divided into shape error and dimensional error [1] . Shape or geometric error can be described as the deviation of the geometrical form of a part to the desired shape. In the cold forging, part error is more relevant to the high load required that will affect the accuracy of the tools and then, influence the geometry of the forged part [2] . Another category is dimensional error, which was defined as the deviation of the actual dimension from the desired value. This category of error is mainly due to die elastic deflections. Usually the two most common terminologies to be referred in discussing the error in the forging cases are 'as manufactured' to represent component that produce at the end of the forging process, and 'as targeted' to represent the desired shape that supposed to be produced.
There are several methods developed to quantify the geometric error. In most of the cases, FE was employed to simulate the forging process and based on the resulted forged part profile the error was estimated. Long, 2006 [3] , quantified the outer radius error of the cup in the cold backward cup-extrusion by considering the elastic deformation of the die during forming, the compression of the die during punch unloading, the elastic recovery of the cup after ejection and thermal contraction of the cup after cooling. In other work, Hernandes et al., 2006 [4] consider geometrical error as the difference between the maximum blank thickness and sheet-metal thickness. The forged part profiles are also can be obtained from other sources such as CAD model [5] and visual images from SEM [4] . Rolfe et al., [6] developed a metric for geometric shape error by utilizing the deformable point of the forged part. To date, research on component error caused by the shape of forged part itself is still less, and most of the cases error due to dies design, and their behavior at certain process parameter were presented. There are several design parameters that may contribute to geometrical error such as corner radii, part thickness, drawing depth and part twisting.
The objective of the paper is to present the geometric error analysis of cold forged AUV propeller blade. In net-shape manufacturing, accuracy plays a significant role to the part performance. In this study, the geometric error was determined by comparing the resulted profile obtained from CAD model and image from Infinite Alicona system. The paper starts with introduction and a brief explanation regarding the new manufacturing of the blade using cold forging process of. Followed by the methodology employed in the study and then the results will be discussed. The paper ends with conclusions.
Cold Forging Process of AUV Blade
A new manufacturing process of AUV propeller blade using cold forging was introduced by Khaleed et al., [7] . The modular AUV propeller consists of three component, i.e. front hub, rear hub and blade as shown in Fig. 1 . The blade was formed in five steps. Firstly the Aluminum AA6061 sheet of 3mm thickness has been punched into a preform shape. Then the preform was forged to form a hydrodynamic profile. Then the excessive material or flash has been trimmed. Next the pin was made, and finally, the blade was twisted at specified twist angle. The process sequence is as shown in Fig. 2(a-e ). For the fabrication work, 100 tons C-type hydraulic press machine was used. The machine runs at the speed of 250 mm/s. 
Methodology
The steps involve in geometric error analysis of the AUV blade begins as the forged blade was scanned using Alicona system. The resulted 3-D image will then be used for measurement of the selected features. Similarly for the CAD model of the blade, the same features were measured. The error is then determined by comparing the result. For the thickness measurement, the blade was cut into five sections. In this study, the effect of deformation ratio to the thickness error pattern will be observed. Here, the Deformation ratio, D r is define as = Ln (t o /t f ), where t o is initial thickness and t f is final thickness.
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Result and Discussion
Profile was obtained using standard 3-D optical measurement system namely Alicona Infinite Focus manufactured by Alicona Imaging Ltd. The AUV propeller blade placed on the table, and lens with magnification 2.5x (vertical resolution of 2300 nm) used to scan the profile. Dimensional analysis was performed to obtain the % of error in the blade by comparing CAD model and the forged blade. Six features measured (Fig. 3) , and the result show in Table 1 . The error at A and C is extremely high which is 90.5% and 68.6% respectively. For others, the error considered small and can be neglected. Similar dimensional analysis also has been carried out on image captured using Alicona system. The comparison between the forged blade and the die profiles were made. Only 4 features on the die can be measured. The result is as show in Table 2 . Features A and C of the die is the same, as the average value of the each side was taken, after excluding the pin width. Based on the result, most of the features depict low geometrical error. The thickness of the forged is varies along the chord length. Therefore, the resulted error shows a noticeable effect of the deformation ratio to the thickness error pattern. This is due to the elasticplastic behavior of the aluminum alloy and stress distribution along the chord length. This condition may also contribute to the formation of part error due to springback. From Fig. 4 , it is clear that section 2 demonstrated the largest thickness error as the deformation is among the highest. Even though, the pattern of the thickness error is quite large, it is still within the design specification as discussed by Husaini [8] . This is because the performance of the propeller is depends more on the geometrical shape of the blade. Error in thickness is mainly because of the process condition between the nominal model and the forged blade is different. For example, during the forging process, the gap between the top die and bottom at the final stage is 0.5mm. Therefore no sharp edges occur, compared to the CAD model, where sharp edges can be found along the blade.
(a) (b) Fig. 4 (a) The thickness error pattern and (b) deformation ratio along the chord length.
Conclusions
The paper presents the geometric error and dimensional analysis of the cold forged AUV propeller blade. The measurement was based on the difference between the profile obtained from Alicona and the profiles get from CAD model. The main contribution of the paper is mainly based on the new geometrical error estimation approach of a complex forged parts presented. The results show that, the deformation ratio is significant to the thickness error pattern. 
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